Integrative and conjugative elements (ICEs) are self-mobile genetic elements found in the genomes of some bacteria. These elements may confer a fitness advantage upon their host bacteria through the cargo genes that they carry. Salmonella pathogenicity island 7 (SPI-7), found within some pathogenic strains of Salmonella enterica, possesses features indicative of an ICE and carries genes implicated in virulence. We aimed to identify and fully analyze ICEs related to SPI-7 within the genus Salmonella and other Enterobacteriaceae. We report the sequence of two novel SPI-7-like elements, found within strains of Salmonella bongori, which share 97% nucleotide identity over conserved regions with SPI-7 and with each other. Although SPI-7 within Salmonella enterica serovar Typhi appears to be fixed within the chromosome, we present evidence that these novel elements are capable of excision and self-mobility. Phylogenetic analyses show that these Salmonella mobile elements share an ancestor which existed approximately 3.6 to 15.8 million years ago. Additionally, we identified more distantly related ICEs, with distinct cargo regions, within other strains of Salmonella as well as within Citrobacter, Erwinia, Escherichia, Photorhabdus, and Yersinia species. In total, we report on a collection of 17 SPI-7 related ICEs within enterobacterial species, of which six are novel. Using comparative and mutational studies, we have defined a core of 27 genes essential for conjugation. We present a growing family of SPI-7-related ICEs whose mobility, abundance, and cargo variability indicate that these elements may have had a large impact on the evolution of the Enterobacteriaceae.
Integrative and conjugative elements (ICEs) are self-mobile genetic elements found in the genomes of some bacteria. These elements may confer a fitness advantage upon their host bacteria through the cargo genes that they carry. Salmonella pathogenicity island 7 (SPI-7), found within some pathogenic strains of Salmonella enterica, possesses features indicative of an ICE and carries genes implicated in virulence. We aimed to identify and fully analyze ICEs related to SPI-7 within the genus Salmonella and other Enterobacteriaceae. We report the sequence of two novel SPI-7-like elements, found within strains of Salmonella bongori, which share 97% nucleotide identity over conserved regions with SPI-7 and with each other. Although SPI-7 within Salmonella enterica serovar Typhi appears to be fixed within the chromosome, we present evidence that these novel elements are capable of excision and self-mobility. Phylogenetic analyses show that these Salmonella mobile elements share an ancestor which existed approximately 3.6 to 15.8 million years ago. Additionally, we identified more distantly related ICEs, with distinct cargo regions, within other strains of Salmonella as well as within Citrobacter, Erwinia, Escherichia, Photorhabdus, and Yersinia species. In total, we report on a collection of 17 SPI-7 related ICEs within enterobacterial species, of which six are novel. Using comparative and mutational studies, we have defined a core of 27 genes essential for conjugation. We present a growing family of SPI-7-related ICEs whose mobility, abundance, and cargo variability indicate that these elements may have had a large impact on the evolution of the Enterobacteriaceae.
B
acterial genomes are often represented as a core of conserved genes interspersed with accessory regions which are variably present throughout members of a species. The ability of an organism to sample variation through accessing a pan-genome can be strongly associated with a change in lifestyle or adaptation to a new niche (29) . In some cases, acquired accessory functions become fixed and go on to define a particular lineage (30) . A classical example of this is the acquisition of the Salmonella pathogenicity islands (SPIs), considered to have been fundamental to the evolution of the genus Salmonella (26) . The largest of these islands identified to date is SPI-7, found within the genomes of Salmonella enterica subsp. enterica serovar Typhi (S. Typhi) (52) , Salmonella enterica subsp. enterica serovar Paratyphi C (S. Paratyphi C) (43) , and some strains of Salmonella enterica subsp. enterica serovar Dublin (S. Dublin) (55) . SPI-7 is 120 kb in length and encodes important virulence functions, including the major virulence antigen (Vi) and type IVB pili (24, 52) . Additionally, integrated within SPI-7 from strains of S. Typhi is a prophage harboring the type 3 secretion system effector protein-encoding gene sopE (47) .
SPI-7 possesses many similarities to integrative and conjugative elements (ICEs), a class of self-transmissible elements (7) also known as conjugative transposons (62) or CONSTIN (conjugative, self-transmissible, integrative) elements (27) . This class of mobile element carries genes which encode the apparatus to enable their self-mobility through excision, replication, conjugation, and reintegration (63) . It is notable that the archetypal SPI-7 element discovered in S. Typhi appears to have lost the ability to self-mobilize (1). However, it can still promote the conjugal transfer of resident plasmids (1) . ICEs are widely distributed among Gram-positive and Gram-negative bacteria (6, 32, 65) and are known to carry a wide range of genetic cargoes, which are defined as being nonessential to the replication and transfer of the ICE but which may contribute to the lifestyle of the host bacterium (21, 45, 64) .
We have investigated ICEs related to SPI-7 within the genomes of a broad selection of enterobacterial strains. Within this sample set, two novel ICEs have been identified within strains of a Salmonella species not previously known to carry SPI-7-like elements, and we demonstrate that one of these elements is able to conjugate. We have identified and characterized a further 11 more distantly related SPI-7 family ICEs within strains of Salmonella, Citrobacter, Erwinia, Escherichia, Photorhabdus, and Yersinia. Comparative and phylogenetic analysis gives insights into the evolution of SPI-7 and the ancient nature of these elements, and using comprehensive mutation experiments, we provide detailed information on the genetic requirements of these ICEs for selfmobility.
MATERIALS AND METHODS
Identification, sequencing, and analysis of novel elements. A generation III Salmonella microarray (12) was used to screen the 15 non-S. Typhi strains of the Salmonella Reference Collection C (SARC) (5), 26 strains of Salmonella bongori strains from the University of Palermo collection (22), 9 strains of S. bongori from the Robert Koch Institute strain collection, and S. bongori type strain NCTC12419 (first described as Salmonella brookfield strain 1224/72 [38] ). DNA extraction, hybridization, and analysis were performed as previously described (12) , with S. bongori strain NCTC12419 as the comparator and washes performed at 50°C.
The genomes of 15 S. bongori strains (Institut Pasteur strain collection) were sequenced using Illumina GAII. These were screened for the presence of novel ICEs by aligning reads with a reference set of known ICE sequences using BWA (41) , and a candidate region was found within the genome of strain 2022/77. A region of the Salmonella enterica subsp. enterica serovar Hadar (S. Hadar) strain 18 genome, capillary sequenced to 10ϫ coverage (53) , was found to have homology to SPI-7 (http://www .sanger.ac.uk/resources/downloads/bacteria/). These two regions were assembled from the raw read information and then manually finished to give complete, high-quality sequences.
Genomic DNA from Salmonella strains CEIM46082, CDC5039-68, and 5494-57 and Yersinia enterocolitica strain Y69 was cloned into fosmid pCC1Fos (Epicentre Biotechnologies), resulting in high-coverage libraries with 40-kb inserts (CEIM46082, 1,339 clones, 13ϫ; Y69, 1,536 clones, 8ϫ; 5494-57, 1,536 clones, 13ϫ; CDC5039-68, 1,845 clones, 11ϫ). Libraries in 384-well plates were arrayed in duplicate, lysed, and fixed onto a Nytran N membrane (Schleicher and Schuell). Probes derived from the SPI-7 coding sequences (CDSs) STY4521, STY4547, STY4564, and STY4666 were labeled with [
32 P]dCTP and hybridized to the filters. Positive clones were end sequenced, and overlapping clones were selected for shotgun sequencing as previously described (53) . Manual annotation was performed on all ICEs using Artemis (61) and the Artemis Comparison Tool (ACT) (8) . CDSs showing homology between the ICEs were identified using TribeMCL (18) , and manual curation of alignments was performed using ACT (8) .
ICE excision and circularization. PCRs were performed using Platinum Pfx (Invitrogen), gradient PCR with annealing temperatures between 58 and 68°C, and combinations of the primers listed in Table S1 in the supplemental material, using nested PCR where necessary. PCR products were sequenced and checked against the predicted excision/circularization sequences.
Insertion of antibiotic resistance cassette and conjugation. A chloramphenicol resistance cassette was inserted into ICESb1 to create ICESb1-cat within S. bongori strain CEIM46082, by homologous recombination of a suicide plasmid carrying cat-sacB and a region of ICESb1 covering Sb10080 to Sb10082 (amplified from ICESb1 using primers f [ACGGTG ACCTACTGGCAATC] and r [GGAGCTACGCGCTGAATATC] ). This strain was used as the donor strain in filter matings as previously described (1), with excess recipient kanamycin-resistant or tetracycline-resistant Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) cells.
Gene knockouts. Specific gene knockouts were generated in ICESb1-cat as described previously (13) using the primers in Table S2 in the supplemental material. To create nonpolar mutations, the Kan r cassette was removed using plasmid pCP20, leaving a scar of 84 bp (9) . Deletions were confirmed by PCR and sequencing from the regions flanking the knockouts. Conjugations of the knockout strains were performed in triplicate, and results were compared to the wild type, which was included in every batch of experiments as an internal control for recipient competence and reaction conditions. ICE stability. CEIM46082 carrying ICESb1-cat was passaged in nonselective LB, with loss of ICESb1-cat assayed initially by chloramphenicol sensitivity, followed by PCR and sequence analysis of the ICE genes described above, the excision product, and the 16S rRNA gene to ensure that the clone was not a contaminant (35) . Two clones cured of ICESb1 were sequenced by Illumina GAII as described above to confirm accurate excision.
Phylogenetic analysis. Multilocus sequence type (MLST) loci (33) and SPI-1 regions were extracted from genome sequences where possible; where no complete genome sequence exists, Illumina reads were mapped to the MLST and SPI-1 regions using BWA (41) and appended to the appropriate alignments. Alignments of these and core ICE nucleotide sequences were performed using ClustalW2 (36) ; trees were built with PhyML (23), using a GTR model plus gamma correction; and trees were viewed and manipulated in FigTree v1.2.1, available from http://tree.bio .ed.ac.uk/software/figtree/. For the purposes of this publication, SPI-7 Typhi has been defined as comprising CDSs STY4521 to STY4666 (strain CT18) and the equivalent t4266 to t4357 (strain Ty2), from the 51-bp partial tRNA Phe adjacent to parA to the 16-bp partial tRNA Phe adjacent to the xerCD integrase. This covers the region present in SPI-7 1662K and SPI-7 RKS4594 , which also has homology to ICESb1 and ICESb2, and excludes 14 CDSs predicted to encode a phage-like element (STY4667 to STY4680 and t4358 to t4371) adjacent to the 76-bp full-length tRNA Phe gene; we propose that this is a subsequent acquisition at the tRNA Phe locus.
Alignments of the amino acid sequences of core CDSs were performed by MUSCLE v3.52 (17) and concatenated, with trees built by PhyML (23) , using the LG model with gamma correction for among-site rate variation, and viewed as described above. The phylogenetic tree of species used reference 16S rRNA gene sequences and was generated in ARB (44) , using neighbor joining with the Felsenstein correction, in order to determine tentative phylogenetic affiliations. The elements ICEHin1056 (Haemophilus influenzae strain 1056) and PAPI-1 (Pseudomonas aeruginosa strain PA14), identified as being more distantly related to SPI-7 (48) , are included in some analyses as outgroups.
Accession numbers. The microarray data have been submitted to ArrayExpress with accession number E-TABM-931. The genomes of 15 S. bongori strains sequenced using Illumina GAII have been submitted to EMBL under accession numbers ERA013604 to ERA013605. Finished ICE sequences and annotation have been submitted to EMBL with the accession numbers indicated (Table 1) 
RESULTS AND DISCUSSION
SPI-7-related ICEs found across the salmonellae. Our initial aim was to investigate whether there are uncharacterized elements closely related to SPI-7 within the Salmonella genus and particularly to investigate strains within the species S. bongori, which, until recently, was understudied with regard to its genetic diversity (20) . S. bongori is a second species of Salmonella, generally associated with cold-blooded animals, although there are some reports of it causing human infections (22) . In total, we screened 66 strains of Salmonella by microarray and draft Illumina sequencing, consisting of 13 strains belonging to subspecies of S. enterica (excluding S. Typhi, S. Paratyphi C, and S. Dublin) and 53 strains of S. bongori.
Two novel elements with high nucleotide identity to SPI-7 were identified within strains of S. bongori. A pan-Salmonella microarray was used to screen 51 strains, including 15 strains from the SARC (5) and 36 additional strains of S. bongori (see Materials and Methods). Using this approach, two Salmonella strains carrying SPI-7-related regions were identified: S. bongori strain CEIM46082 and S. enterica subgroup VII strain CDC5039-68 (see Region defined as an ICE is part of previously described island 1 W14.
showed that there was variability in the makeup of these elements, as the SPI-7 cargo regions, including the Vi-encoding operon, were absent from these new elements. The microarray data also indicated that the conserved region within the genome of strain CEIM46082 possessed very high nucleotide identity to SPI-7, whereas that within strain CDC5039-68 displayed a lower nucleotide identity (data not shown) and is described below in the context of the wider family of SPI-7 elements. Through fosmid library probing and shotgun sequencing, a novel ICE was cloned from strain CEIM46082. A further 15 strains of S. bongori (see Materials and Methods) were sequenced by Illumina (20) and screened against SPI-7 sequences. Within these strains, a region of high nucleotide identity to SPI-7 was identified within the genome of S. bongori strain 2022/77; this sequence was assembled and manually finished. These two new elements were found to possess Ͼ95% identity to SPI-7 at the nucleotide level and yet to carry novel cargo regions. As the novel elements are less than 100% identical to SPI-7 and contain novel accessory genes, they were named ICESb1 and ICESb2, respectively, and also given systematic names (see Materials and Methods), according to transposon registry guidelines (59) . Defining the core and variable portions of the novel S. bongori ICEs. Manual annotation of the novel elements ICESb1 and ICESb2 revealed that the genes that they possess in common with SPI-7 include those encoding putative mobility functionsreplication, type IVB pilus, transfer/conjugation, and integration/ excision ( Fig. 1) -which indicates that these elements are ICEs. The elements are also bounded by intact and partial copies of the tRNA PheU gene, indicating that they have integration sites similar to those of SPI-7 (55) .
Sequence comparisons were performed between ICESb1, ICESb2, and SPI-7. SPI-7 was first defined in S. Typhi strain CT18 (52) (here referred to as SPI-7 CT18 ) but has also been characterized within S. Typhi strain Ty2 (SPI-7 Ty2 ), S. Paratyphi C strain RKS4594 (SPI-7 RKS4594 ), and S. Dublin strain 1662K (SPI-7 1662K ). These elements represent highly related SPI-7 variants differentiated by only a small number of single nucleotide polymorphisms (SNPs) and indels (55) , and all four were included in the comparative analyses. All six elements, ICESb1, ICESb2, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K , were found to share approximately 67 kb of conserved sequence showing greater than 97% identity at the nucleotide level with these regions, including the putative replication, pilus, conjugation, and integration modules (see Fig. S2 , top, in the supplemental material). The genes encoded within these regions were used as our initial set of candidate core genes for this family of ICEs (Fig. 1) .
In addition to the homologous regions in these six elements, there are blocks of cargo genes which vary between the ICEs. These are located between the transfer/conjugation and integration modules (Fig. 1) , where they would be unlikely to affect transcriptional units which may be involved in ICE self-mobility functions. While many of the putative cargo genes are of unknown function, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K all carry an operon encoding the major virulence or Vi antigen, and ICESb1 carries a 9.5-kb coding sequence (CDS) encoding a putative autotransporter (Table 2) , whereas ICESb2 has a much smaller cargo region (see Fig. S2 in the supplemental material). The ICEs from the S. bongori strains both carry CDSs predicted to encode proteins with some sequence similarity to quinolone and bleomycin resistance determinants (Table 2) . However, no increase in resistance to bleomycin, nalidixic acid, ciprofloxacin, marbofloxacin, or enrofloxacin was seen in the host strains of ICESb1/ICESb2 compared to a non-ICE-carrying strain of S. bongori (strain NCTC12419), indicating that these CDSs may not be expressed under the conditions tested or that they have alternative functions (data not shown). Typhi strain CT18 and S. bongori CEIM46082, and CDS numbers refer to the STY and Sb1 locus numbers, respectively. Of the putative core CDSs used in knockout studies (*), 27 were used in phylogenetic analysis ( †). Where the specific integration site (tRNA) could be determined, it is indicated. ICEHin1056 and PAPI-1, previously characterized ICEs from Haemophilus influenzae and Pseudomonas aeruginosa, respectively, which display synteny and a low level of amino acid identity to SPI-7, were used in the analysis as nonenterobacterial outgroups. Gene disruption differentiates SPI-7 from the S. bongori ICEs. Comparative annotation of ICESb1, ICESb2, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K showed that SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K each possess several disrupted genes within modules associated with ICE mobility (Fig.  1) . These four elements appear to have mutations within pilN of the type IVB pilus operon, which would render the encoded putative lipoprotein nonfunctional. SPI-7 CT18 and SPI-7 Ty2 also contain frameshifts within two conserved proteins of unknown function located in the transfer region ( Fig. 1 ; see also Table S3 in the supplemental material). The gene encoding the integrase, essential for the excision and circularization of ICEs (27) , is affected by independent mutations in SPI-7 RKS4594 and SPI-7 1662K (Table S3) . However, the functional integrase domain (Pfam domain PF00589) is intact in both versions, meaning that a functional protein may be produced if an alternative translational start codon is used.
None of the conserved genes are disrupted in the novel elements ICESb1 and ICESb2 (Fig. 1) ; thus, these elements represent potential models with which to investigate self-mobility within this group of ICEs.
Excision and conjugation. A characteristic of ICEs is the ability to excise from the chromosome, forming a circular intermediate, a process catalyzed by the ICE-encoded integrase (27) . The process of excision can be detected using PCR to identify both the closed circular form of the element and the reformed junction at the chromosomal integration site.
The ability of the elements to excise was assessed using PCR primers designed against terminal and flanking regions on genomic DNA from the respective host strains (strain RKS4594 was unavailable, so two alternative strains of S. Paratyphi C were used [ Table 3 ]). ICESb1, ICESb2, SPI-7 1662K , and SPI-7 from the two S. Paratyphi C strains were found to be capable of excision and circularization, whereas SPI-7 CT18 and SPI-7 Ty2 were not ( Table  3 ). The ability of SPI-7 1662K and SPI-7 from strains of S. Paratyphi C to excise indicates either that their resident integrases are transcribed from alternative start sites despite frameshifts (see above) or that another integrase within the host genome is able to catalyze the excision.
In order to assess the conjugation ability of this group of elements, we investigated the self-mobility of ICESb1. Filter mating conjugation experiments were performed between the S. bongori ICESb1-cat donor (with a chloramphenicol resistance cassette inserted into a noncoding region of the ICE) and a Salmonella enterica serovar Typhimurium (kanamycin-resistant) recipient. Transconjugants resistant to both chloramphenicol and kanamycin were observed at a frequency of 1.1 ϫ 10 Ϫ6 Ϯ 5.7 ϫ 10 Ϫ7 per donor cell, indicating that ICESb1 is functional and able to transfer into a recipient cell. These transconjugants were able to transfer ICESb1 into a further strain of S. Typhimurium (tetracycline resistant), and ICESb1 was shown to be able to circularize in all hosts. This provides the first evidence of the conjugative ability of an SPI-7-related ICE in the salmonellae.
There is evidence that a type 4 secretion system (T4SS) is responsible for ICE conjugation (31); in SPI-7, this is putatively classed as a "GI" (genomic island) T4SS (34) . In order to determine the genes within ICESb1 which are essential for conjugation, a comprehensive panel of 41 nonpolar individual gene knockouts were produced in candidate self-mobility genes ( Fig. 1 ; see also Table S4 in the supplemental material). Knockout strains were screened for the ability to excise and conjugate using the methods described above.
For excision and circularization, it was found that two genes are required, both located within the integration region: Sb10117 and Sb10118 (see Table S4 in the supplemental material). Sb10118 encodes a putative integrase, and Sb10117 encodes a putative relaxase/helicase, both of which are conserved within these elements (Fig. 1) . Thus, the integrase in conjunction with the adjacent gene appears to be responsible for ICE excision, concurring with previous data from elements ICEEc2 and PAPI-1 (57, 60) .
Through filter mating experiments, 28 genes were found to be essential for conjugation, with a further nine found to enhance conjugation efficiency ( Fig. 2 ; see also Table S4 in the supplemental material). Some of the essential genes have putative functions assigned through homology to genes with known function or association with a particular functional module within the ICE (Table S4). The replication region is thought to be involved in the replication of ICE DNA (32): six genes from this region were found to be essential for conjugation in ICESb1. Within the putative T4SS-encoding region, 19 genes are essential for conjugation. These results are in accordance with our previous work where regions corresponding to Sb10040 to -0044, Sb10044 to -0054, and Sb10057 to -0061 were shown to be essential for SPI-7 Ty2 -directed conjugation of a surrogate marker plasmid (1) . In SPI-7 Ty2 , the homologues of the essential genes Sb10046 and Sb10054 carry frameshifts toward the N terminus, and yet SPI-7 Ty2 can promote conjugation, suggesting that the functional domains of these proteins remain intact. The results of the ICESb1 knock- outs also agree broadly with experiments performed in ICEHin1056 (31) (Table S4) .
Individual components within the pil operon were not found to be essential for conjugation, including the structural subunit pilS Sb10025 and tip adhesin pilV Sb10028. However, the first gene in the operon, lipoprotein pilL (Sb10018) is essential, and removal of the entire operon from pilM (Sb10019) to the recombinase gene (Sb10032) greatly reduces conjugation rates. The pil operon has previously been implicated in bacterial self-association (49) , and this may have an impact on conjugation efficiency.
The stability of some ICEs is related to the presence of a homologue of ParA (57), a protein involved in plasmid and chromosome partitioning. The homologous gene in ICESb1 (Sb10003) is essential for conjugation, and removal of it also resulted in a slight reduction in stability of the ICE, with 1% (4/384) of clones losing the ICE over the course of 10 subculture passages, whereas it was not lost from control cultures of ICESb1 (0/768) or inactivated Sb10014 (0/383). Although inactivation of the ParA homologue has a more dramatic effect in PAPI-1 (57), Sb10003 provides some stabilizing effect on ICESb1, which may have more impact in other environments, or over a longer timescale.
These studies have identified 28 genes that are essential for conjugation within ICESb1: six within the replication region, one within the pil operon, 19 within the T4SS transfer region, and two within the integrase region. The type IVB pilus is not essential for self-mobilization of ICESb1, but its presence enhances conjugation frequency.
Phylogeny of SPI-7-related ICEs. The conserved nucleotide sequence shared by ICESb1, ICESb2, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K was used to construct a maximum likelihood tree (see Fig. S3 in the supplemental material) . We additionally used sequences from previously described SPI-7 variants from a global collection of S. Typhi strains (28) . Within this phylogeny, all the SPI-7 variants clearly cluster, with SPI-7 from strains of S. Typhi varying by a maximum of 6 SNPs from their common ancestor. It appears that SPI-7 entered S. Typhi before the expansion of this serovar, an event which occurred 15,000 to 150,000 years ago (33) . The similar branch lengths between the SPI-7 group (including SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K ), ICESb1, and ICESb2 mean that it is impossible to accurately determine the root of the tree with the existing information, indicating that all three ICEs split from a common ancestor at approximately the same evolutionary point.
Using this analysis, we have reconstructed the gene variation observed between ICESb1, ICESb2, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K onto the phylogenetic tree. The functional gene losses (see above) can be fully reconciled with the observed phylogeny (see Fig. S3 in the supplemental material) . There is also strong evidence that the samAB operon, encoding UV resistance, was carried by the common ancestor of this group of ICEs.
To investigate the relative ancestries of the ICEs compared to the genomes of the bacterial host strains, we first generated two host phylogenies. The first used concatenated housekeeping MLST sequences to represent core genes (33) , and the second used sequences of SPI-1 to represent accessory functions, as SPI-1 is common to all strains of Salmonella, having been gained by lateral gene transfer at an early time point in the evolution of the genus (51). The trees generated for MLST and SPI-1 loci are congruent and reflect the known taxonomy of Salmonella (Fig. 3) . This analysis also indicates that the observed mutational rates for the MLST loci and SPI-1 are comparable. A third tree was generated, of the six highly related Salmonella ICEs, based on a 67-kb shared ICE nucleotide sequence, and all three were compared (Fig. 3 ). The last tree shows shorter branch lengths and suggests that SPI-7 has been The tree branch lengths can be used in conjunction with the predicted ages of the Salmonella species to superimpose a rough timescale on these phylogenies. We generated an upper and lower estimate for the date of Salmonella speciation of 25 to 89 million years ago (Mya). These figures were based on the published dates for the Salmonella genus ancestor (2), the divergence of S. enterica and S. bongori (46) , and the date of the acquisition of the cob operon, thought to have occurred postspeciation (37) . Using this predicted date range and the rate of SNP accumulation estimated from the MLST and SPI-1 analysis, it is possible to estimate the mutation rate for Salmonella to be between 0.00078 and 0.0036 SNPs per site per My. Using this calculation suggests that the common ancestor of the two S. bongori isolates CEIM46082 and 2022/77 existed between 0.89 and 3.36 Mya. Furthermore, if it is assumed that the ICEs have accumulated SNPs at a rate similar to that of the MLST and SPI-1 loci, the common ancestor of these six ICEs can be estimated to date to between 3.6 and 15.8 Mya. Although these date estimates are not proposed to be highly accurate, there is strong evidence that the ancestor of the S. bongori ICEs predates the age of their host strains (Fig. 3) . This, along with the observation that 51 strains of S. bongori do not contain related ICEs, would imply that these ICEs are relatively recent acquisitions, and their ongoing mobility supports this.
The discovery of two new elements with high levels of identity to SPI-7, from a sample of 66 strains of Salmonella, indicates that these elements may be more common than previously thought in the salmonellae. ICEs provide an opportunity for host bacteria to sample diversity, allowing acquisition of new cargo genes through self-mobility as well as the possibility of encouraging transfer of nonconjugative plasmids within the population. To investigate whether these observations would hold in a broader context, we looked at more distantly related SPI-7-like elements in Salmonella and other enterobacterial genomes.
Identifying the wider family of SPI-7-related ICEs. Several elements representing a broader family of SPI-7-related elements have been previously reported in other enterobacterial genomes (11, 31, 48) , including HAI2 (Erwinia carotovora strain SCRI1043) (3), ICEEc2 (avian pathogenic Escherichia coli [APEC] strain BEN374) (60), a region within Photorhabdus luminescens strain TT01 (spanning genes plu1030 to plu1166) (16) , YAPI ye (Yersinia enterocolitica strain 8081) (66) , and YAPI yptb (Yersinia pseudotuberculosis strain IP32777) (10) . We aimed to identify further elements within the wider family of SPI-7-related ICEs.
In silico searches of completed genome sequences deposited in public databases and unpublished Sanger Institute-generated microbial genomes were performed to identify genomic regions encompassing genes whose products share amino acid similarity with SPI-7. We identified three such elements within the genomes of S. Hadar strain 18 (ICESe4), Citrobacter rodentium strain ICC168 (CDS identifiers ROD33321 to ROD33801) (54) , and Y. pseudotuberculosis strain IP31758 (YAPI IP31758 ) (19) .
Microarray analysis (see above) indicated that the genome of S. enterica strain CDC5039-68 from SARC contains a region with homology to SPI-7 (see Fig. S1 in the supplemental material). Two further SPI-7-like elements have previously been identified but had not been cloned or sequenced: a conjugative transposon, CTnscr94 from Salmonella enterica subsp. enterica serovar Senftenberg (S. Senftenberg) strain 5494-57, inserted at the characteristic SPI-7 insertion site, tRNA Phe (55) , and a region related to YAPI ye in the genome of Y. enterocolitica strain Y69 identified through microarray analysis (66) . These three elements were cloned and shotgun sequenced as described above. All three elements were found to possess various degrees of sequence identity to SPI-7 and were named ICESe3, CTnscr94, and ICEYe1, respectively.
In summary, our data set comprises 17 homologous enterobacterial elements (Table 1) , identified through in silico searches, literature searches, and microarray screening. Six of these have been sequenced de novo and thus represent novel ICEs. Of the 17, seven originate from genomes of various subspecies of S. enterica, two are from S. bongori, four are from Yersinia, and the remainder are from Citrobacter, Erwinia, Escherichia, and Photorhabdus. It appears that a large number of species within the Enterobacteriaceae are potential ICE hosts.
Analysis of the wider family of SPI-7-related ICEs. The complete annotation and comparison of the full-length elements within this wider family of 17 ICEs show that they contain large regions with sequence homology to SPI-7 and the S. bongori ICEs (see Fig. S2 in the supplemental material). They also possess conserved gene order, with exceptions to this including an alternative location of the pil operon in ICESe4 and ICEEc2 (Fig. 1) and several large deletions in the element in C. rodentium strain ICC168 which, in conjunction with several gene inactivations (Fig. 1) , suggest that this element is now unable to promote self-mobility. In addition to the conserved regions are element-specific cargo regions ( Fig. 1; also Fig. S2 ), found in blocks of up to 70 CDSs generally located between putative operons, some of which encode putative virulence functions or maintenance/addiction systems (summarized in Table 2) .
Of the 28 genes found to be essential for the conjugation of ICESb1 (see above), 27 are present in all members of this wider family of ICEs, excluding the potentially defunct element in C. rodentium strain ICC168 (Fig. 1 ). These were used to define the core gene set for the SPI-7 family ICEs. Pairwise comparisons using the Artemis Comparison Tool (ACT) (8) show that amino acid identity between these homologous core gene products ranges from 30% to 99%. Within the 17 ICEs, there are several subgroups of very closely related elements: the Salmonella group discussed above (Ͼ97% amino acid identity in core regions), ICESe4 and ICEEc2 (Ͼ97% amino acid identity), and the four YAPI elements (68 to 96% average amino acid identity in core regions).
All the 17 ICEs described within this study were found to carry a putative integrase belonging to the tyrosine recombinase family, within the XerC/D lineage, adjacent to a tRNA gene, tRNA Phe or tRNA Leu (Table 1 ; Fig. 1 ). The ability of the ICEs to excise and circularize was assessed as described above. The novel Salmonelladerived elements ICESe3, ICESe4, and CTnscr94 were found to be capable of excision, as were HAI2 from E. carotovora and ICEEc2 from E. coli (60) , but no amplicons indicative of excision or circularization were obtained for the element within C. rodentium strain ICC168 or either of the elements from Y. enterocolitica, indicating that these latter three are unable to excise under the selected experimental conditions (Table 3) .
Phylogeny of the wider family of SPI-7-related ICEs. Using the defined set of 27 core CDSs (Fig. 1) , the phylogenetic relationships between the 17 ICEs were determined (Fig. 4) . To identify possible mixed evolutionary histories of individual ICE modules, phylogenetic relationships of the individual CDSs and functional regions were determined, and no incongruencies were found (data not shown), implying that within each ICE, the core gene modules have evolved together. To determine how the observed phylogenetic relationships of the elements compare to the relationships of their host organisms, a host phylogeny was calculated using 16S rRNA gene sequences (Fig. 4) . The host and ICE phylogenies are inconsistent, indicating movement and circulation of these genetic elements. The ICE phylogeny also indicates the huge diversity of this wider family of ICEs compared to the tightly clustered group comprising ICESb1, ICESb2, SPI-7 CT18 , SPI-7 Ty2 , SPI-7 RKS4594 , and SPI-7 1662K (Fig. 4) . By extrapolating the age of the ancestor of the latter group, estimated above at 3.6 to 15.8 Mya, to the phylogeny of the wider ICE group (Fig. 4) , it appears that this is a very ancient family of elements.
Our work provides insights into the variety within this family of ICEs, many more members of which will surely be found as sequencing projects progress. Within the varied collection of 53 strains of S. bongori screened in this study, two were found to possess SPI-7-related ICEs, both displaying a very high level of sequence conservation with SPI-7. In some cases, closely related host strains, such as those within S. enterica subspecies I, carry diverse ICEs, such as SPI-7, ICESe3, ICESe4, and CTnscr94, which contain divergent core genes and carry distinct cargoes. In other instances, closely related ICEs may be found in more distantly related hosts: ICESe4 and ICEEc2, carried by different species iso-lated from poultry sources, are greater than 97% identical at the nucleotide level and yet also carry varied cargoes. This variability indicates that there is no longstanding association between ICEs and specific hosts and that gain of ICEs is a continuous process.
Conclusion. It is clear from these data that SPI-7-related elements can be found across the Salmonella genus and Enterobacteriaceae, increasing the significance of these elements for intra-and intergenus movement of genetic material. ICEs appear to be entering, and perhaps being lost from, bacterial genomes on an ongoing and sporadic basis. The source of these ICEs and their individual cargoes is unclear, yet there must exist a reservoir of such elements within the available pan-genome. We speculate that these ICEs are freely circulating among the enterobacterial community, with their acquisition driven by selection through expression of beneficial cargo genes or possibly through the selfish nature of the elements. This family of mobile elements provides additional evidence of the diversity of ICEs, the ancient nature of these elements, and the value of having a self-mobile backbone as a scaffold upon which to build diverse elements of benefit to a variety of hosts.
